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A 1:12 scale water model of a steel casting tundish at P.T 
Krakatau Steel Billet Plant in Cilegon, Indonesia was used 
to study liquid flow patterns with and without gas 
bubbling.
The flow patterns were characterized by plug flow time and 
mixed flow time.
These were observed from the simultaneous mv responses of 
Cu / Zn electrodes at 16 different locations when a pulse 
of a K Mn 04 tracer was injected into the water as it 
entered the tundish model.
Investigated variables were five gas bubbling rates in the 
range of 0 - 17 1/min., three water levels (high, medium 
and low) and two gas bubbling pipes, viz. straight and 
wavy.
The results of the study have shown that :
1) The efflux rate of water at the exit nozzle was 
influenced by the gas flow rate and water level-the 
smallest rate that have been recorded was the low 
level of water condition and the highest gas flow 
rate used was (17 1/min.).
2) The plug flow time exhibited a catenary function of 
the gas flow rate. In all cases, the maximum gas flow 
rate occured at 17 1/min with the annotation that
m
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the actual value of the plug flow time depend on the 
water level and the gas bubble types.
3) The mixed flow time exhibited a catenary function of 
the gas flow rate, in all cases, the minimum gas flow 
rate occured at 8 1/min with the annotation that the 
actual value of the mixed flow time depend on the 
water level and gas bubble types.
The above water model results pointed out that it is 
possible that the results be an optimum gas flow rate 
and liquid level in the prototype steel tundish that 
may yield to the desired flow pattern for non­
metallic inclusion flotation, distributing out of 
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Billet casting systems consist of a ladle-tundish-mould 
arrangement. Originally, the function of the tundish was 
to distribute the steel to billet moulds. In recent 
years, however, the function of the tundish has been 
enlarged to encompass many other aspects of steel making. 
Very many functions of the process of technological 
functions of a tundish have been summarised by Singh and 
Koria [1993] as shown in Fig. 1.1.
Functions in Fig.1.1. now include homogenization of the 
steel, both the composition and temperature perspectives 
and removal of non-metallic inclusions, which are 
essential for cleaning of the steel making, as well as, of 
course, ensuring proper distribution between the strands 
and keeping the ferrostatic head constant.
The above functions depend on a large extent, if not 
exclusively, of the flow pattern of the molten steel in 
the tundish.
The behaviour of the molten steel flowing in the tundish 
has become the subject of investigations by many authors 
[Joo et al, 1990; Hsu and Chou, 1990]. The investigations 
mainly used water models as shown in Figs. 1.2 and 1.3; 
mathematical modellings as shown in. Figs. 1.4 to 1.6 and 
in a few cases they used actual experiments in the tundish 
[Purdie and McPherson, 1988].
In the case of water modelling, scale models which have
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been used ranging from full size to l/10th size of the 
prototype. In most cases, assessments of the flow patterns 
have been carried out using flow visualization and/or 
Residence Time Distribution (RTD) measurements [Lowry and 
Sahai, 1990]. The experimental part generally involved the 
injection of some dyes or tracers [Sinha et al, 1993], and 
in the case of flow visualization, photographing the flow 
pattern was applied in which the model was made from a 
transparent material, e.g. perspex, [Sinha et al, 1993] 
while in the RTD case the response was measured at the 
mould inlet [Nakajima, 1990]. The RTD response 
measurements depended on the nature of the tracer used, 
for example, dye, acid or salt, in these cases, the actual 
experimental measurements involved colorimetry, pH and 
electrical conductance correspondingly [Marique et al, 
1991].
The behaviour of the tundish was evaluated from a single 
point although in fact, a tundish consists of many volume 
elements and the flow pattern in each of elements was 
generally different especially if devices such as dams, 
weirs or baffles, alone or together with inert gas purging 
were used [Sinha et al, 1993],
Most general models of tundishes are similar to the flow 
models of ladles, these are a multi-parameter model, i.e. 
a model consists of a number of volume elements relate to 
plug flow, mixed flow, recirculating flow, and dead volume 
[Sinha et al, 1993]. A single point measurement, cannot 
precisely determine where these flow volumes be in the 
tundish. Yet, from the industrial point of view, it is 
important to know accurately where such volumes be in
3
order to place various flow control devices, and to 
optimize gas purging flow rate.
Additionally, the RTD study gives all important resident 
times of steel in the ladle, a knowledge which is 
essential in evaluating whether there is sufficient time 
available for homogenization and inclusion flotation, and 
optimising that time.
The above considerations, i.e. optimising the tundish 
performance in the Billet Steel Plant (BSP) of PT Krakatau 
Steel (PTKS), have prompted the present investigation. The 
results of the investigation, using multi-point 
measurements simultaneously, in a 1/12 scale water model 
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Fig.1.1. The process of technological functions of a 
tundish and accrued technoeconomy benefits 
[Singh and Koria, 1993],
a,b no flow control; c,d weir; e,f dam.
Fig.1,2. Steady state fluid flow pattern produced by 
plunging model ladle stream into tundish: 
photographs taken a,c,e 15 and b,d,f 30s after 
the tracer injection started [Singh and 
Koria,1993].
a and b, h = 0.35 H; c and d, h = 0.55 H; 
e and f , h = 0.75 H.
Fig.1.3. Influence of dam height on fluid flow pattern 
produced by plunging model ladle stream into 
tundish; photographs taken a,c,e 15 and b,d,f 45S 
after the tracer injection started ( 1 = 0.06 L 
in all photographs) [Singh and Koria, 1993],
7
0.05 m /s
Fig.1,4. Predicted flow field in longitudinal, vertical 
planes (a) at the plane of symmetry and (b) 
closer to the wall under steady state conditions 




Fig.1.5. Predicted flow field in longitudinal, vertical 
planes (a) at the plane of symmetry and (b) 
closer to the wall after 60 S of emptying (no 
inlet flow) [Chakraborty and Sahai, 1992).
9
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Fig.1,6. Predicted flow field in longitudinal, vertical 
planes (a) at the plane of symmetry and (b) 
closer to the wall after 60 S of filling with a 
new ladle (with twice the normal casting rate). 
Melt teemed from the ladle, losing heat from the 
top. 5 min after the end of intent gas stirring 
[Chakraborty and Sahai, 1992).
2.0 THEORY
There are essentially three functions of a tundish with a 
general aim to get an easier casting, and improve quality 
of the steel. These functions are: floating up of non 
metallic inclusions, distributing liquid steel, and 
homogenizing temperature and composition.
2.1 Flow pattern
In a processing vessel, elements of the material flow 
in many ways, e.g. (i) some interact among each 
other, (ii) some move ahead of the others, (iii) some 
take a short cut or by-pass the main part of the 
vessel, (iv) some stay behind in corners before 
exiting, (v) some immediately mix uniformly and so 
on.
2.1.1 Plug flow
The plug flow is one of the two ideal cases 
of flowing elements through a processing 
vessel [Levenspiel, 1979]. The behaviour of 
the plug flow is quantified by the time each 
element spent in the processing vessel, or 
named the Residence Time Distribution (RTD). 
The exit age (EtP) is determined using the 
well known population balance method.




Figure 2.1 [Levenspiel, 1979] illustrates an 
introduction of a unit of tracer to the fluid 
that enters the vessel.
2.1.2 Mixed flow
The mixed flow is another ideal case of 
flowing elements through a processing vessel 
[Levenspiel, 1979]. The behaviour is 
quantified by the time each element spent in 
the processing vessel, or named Residence Time 
Distribution (RTD). We determine exit age 
(Etm) using the well known population balance 
method.
OO
Etm = /  e-t dt = 1 (2.2)
o
Figure 2.2 [Levenspiel, 1979] shows a unit of 
tracer is being introduced to the fluid that 
enters the vessel.
2.1.3 Combined flow
Several researchers [Kemeny et al, 1981; 
Rehlaender, 1983; Wilshynsky, 1984] have 
analyzed the Residence Time Distribution (RTD) 
of fluid flowing in a tundish with a mixed 
model. In this model, the tundish volume is 
divided into three parts: a plug volume, a 
mixed volume and a dead volume as shown in 
Fig. 2.3. Theoretical RTD curve for mixed








model is shown in Fig. 2.4. Figure 2.5 shows a 
typical residence time distribution curve of 
a tundish [Sahai, 1990].
An examination of an experimentally obtained 
RTD curve indicates that there are differences 
between the RTD curve and the mixed model as 
shown in Fig. 2,4 [Sahai, 1990], Therefore, a 
modification of the "mixed model" is 
proposed here. The tundish volume is divided 
into three parts: a dispersed plug volume, a 
complete mixed volume and a dead volume as 
shown in Fig. 2.6.
The dispersed plug flow volume is 
characterized by D/uL. This model is used to 
characterize the experimentally obtained RTD 
curves. The predicted values match very well 
with the experimentally obtained values as 
shown in Fig. 2.7 [Sahai, 1990].
2.1.4 Dispersed flow
Dispersed flow is viewed as plug flow which is 
superimposed by various degrees of mixing. The 
parameter that characterizes this mixing is 
D/uL or vessel dispersion number, 
when D/uL = 0 the flow is ideal plug 
when D/uL = o o  the flow is ideal mixing 
when D/uL is between these two extremes, the 
flow is more or less dispersed (mixed). The 





.3.The mixed model in tundish modeling studies 
[Sahai, 1990],
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Figure 2.4. A theoretical RTD curve for the mixed model 
shown in Fig. 2.3 [Levenspiel, 1979].
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Figure 2.6. A modification of a mixed model [Sahai, 1990
19
Figure 2.7, An experimentally obtained and a predicted RTD 
curves [Sahai, 1990],
20
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Figure 2.8.Curves for various D/uL [L.evenspiel, 1979]
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Where
D = the dispersion coefficient (mVs) 
u = flow rate (m/s)
L = length of vessel (m)
D/uL = the dimensionless group characterizing 
the spreading rate for the vessel.
Figure 2.9 presents the spreading rate of 
a tracer in each part along the vessel.
2.2 Floating up of non-metallic inclusions
2.2.1 Mechanism of the floating up
Non-metallic inclusions are particles which by 
their existence in liquid steel may 
influenced steel solidifying, and decrease the 
mechanical properties of the last product of 
steel.
In a normal operation, liquid steel comes out 
from the ladle nozzle and flows into a 
tundish. In a short time, the tundish becomes 
full of liquid steel. This process followed by 
the flow of liquid steel into an opening 
tundish nozzles and next, the casting is 
started.
In the case of tundish-during-casting, both 
the input and the output of liquid steel
22
P a pulse of tracer 
at time t = 0
U  y ^/S
Œ
»
-the pulse starts spreading and this can be 
caused by many things : velocity profile, 
turbulent mixing, molecular diffusion, etc
u
symmetrical and gaussian 
at any instant
Figure 2.9. The spreading rate of a tracer along the 
vessel [Levenspiel, 1979],
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take part in maintaining the level of liquid 
steel in a tundish at the maximum position. 
Maintaining the level of liquid steel at a 
maximum position means that the portion of 
each liquid steel is not entering the 
tundish directly, and at the same time, it is 
coming out from the tundish slowly so that it 
remain for a while in the tundish.
As understood, the liquid steel is not pure 
steel liquid, or free from any kind of 
impurities and other compounds as in its 
ordinary condition. The impurities and other 
compounds are oxides and sulphides. The oxides 
and sulphides that frequently found in liquid 
steel are silicate, alumina, phosphate, 
and manganese sulphides.
These kinds of impurities, i.e., oxides and 
sulphides, have lower densities compared to 
those of liquid steel. The differences are 
quite large, the specific density of liquid 
steel and oxides are 7.85 and 3.6, 
respectively. As a result, those two 
materials will be separated, liquid steel 
will act as a matrix and take the bottom 
position while oxides will be on the upper 
position. In other words, under appropriate 
conditions, oxides will float up and stay on 
the upper level of a tundish.
24
The staying or resident time in the tundish 
will allow oxides and sulphides to float up 
and be separated from the liquid steel base, 
and retained in any slag cover that might 
exist.
2.2.2 Floating up forces
Non-metallic inclusions exist in liquid steel 
in the tundish are rising particles that 
influenced by three forces : gravitational, 
buoyancy and drag force. These three forces 
can be illustrated in Fig. 2.10.
Fg = M du/dt (2.3)
where :
Fg = gravitational force
M = mass
du/dt = acceleration
Fb = ( r/6 d3sph )( s - p  f I ) (2.4)
where :
Fb = buoyancy force 
dsph = particle diameter 
P  = differences of densities between 
particles and fluid matrix
25
Figure 2.10. Balance of force on a falling particle
[Levenspiel, 1979],
26
d2sph f  u
Fd - Cd
4 2
For laminar Cd = 32/Re
32 yiA d2sPh Z  U
Fd =
d s p h  \i/> 4 2
4 dsph U (2.5)
where :
Cd = constant
Z 7 = density of gas.
Acceleration will be zero when all of the 
three forces are in balance. The buoyancy 
force [eqn. (2.4)] can be increased by a gas 
bubbling technique. This gas bubbling 
technique which is imparted into the tundish, 
will promote inclusion growth and subsequently 
its flotation rate [Ghomashchi and Murgas, 
1992]. In this case, the buoyancy force is 
greater than gravitational force; the excess 
of buoyancy force can be explained by an 
enlargement of inclusion diameter.
The particle or inclusion, which is affected 
by the condition where the buoyancy force is 
greater than gravitational force or drag 
force, will float up easier.
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2.2.3 Flow pattern in the tundish.
In the tundish, the well mixed stream of 
liquid, which falling through a small circular 
nozzle from the ladle, undergoes changes of 
flow pattern. These changes are due to 
horizontal flow in the large cross sectional 
area of the tundish. The inherent nature of 
flow, as a result of the presence of walls 
and smaller circular outflows, generates and 
produces plug flow [Sinha et al, 1993]. The 
best tundish for inclusion separation 
determined by a maximum plug flow volume.
The plug flow volume of tundish at a certain 
condition of operation determined by its 
capability to float up non-metallic 
inclusions. The higher the plug flow volume of 
a tundish, the higher its capability to float 
up non-metallic inclusions.
To maximize the plug flow volume, small 
modifications of the design of tundish can be 
made, i.e. by varying height of liquid steel 
in a tundish, by bubbling inert gas (and also 
varying its flow rate) and by installing dams 
and weirs to change the flow of the liquid 
steel in the tundish.
2.3 Distributing liquid steel out
Liquid steel that coming out from ladle nozzle fills
28
the tundish, henceforth fills the continuous casting 
mould. Continuous casting machines that have more 
than one casting strand require more than one tundish 
nozzle. The tundish, that is filled with liquid 
steel, will distribute liquid steel through its 
nozzles to moulds. A at the same time, while casting 
is in progress, the tundish performs two functions 
simultaneously: receiving and distributing the liquid 
steel out.
2.3.1 The height aspect
In general, the amount of the inflow steel 
should be equal to the amount of the outflow 
liquid steel; in that way, the height of the 
liquid steel in a tundish can be retained at a 
constant height while casting is in progress. 
The flow rate of outflow liquid steel through 
the tundish nozzles depends on ferrostatic 
force during casting. The ferrostatic force 
itself has a close relationship with the 
height of liquid steel in the tundish and the 
bubbling rate of gas.
From energy balance (Fig.2.11), will be found:
1
mgh = - m U2
2
U2 = 2 g h
U2 A2 2 g h A2
29
Figure 2.11. A tundish filled with liquid
30
Q2 = 2 g h
Q = A \/2gh
Q = K h1/2
1/Q = 1/K h-!/2 (2.6)
where :
1/Q = time unit per volume of liquid steel
h = height of liquid steel,
g = gravitational force.
A = area of orifice.
K = A\/2g
The increase of height of liquid steel in the 
tundish will also raise the ferrostatic force 
and subsequently will bring up the flow rate 
of the outflow liquid steel through tundish 
nozzles. Conversely, the decrease of the 
height of liquid steel will also reduce the 
ferrostatic force and subsequently will 
decrease the flow rate of outflow liquid steel 
through tundish nozzles.
Eqn. (2.6) explains that the quantity or 
volume of liquid steel per unit of time, 
which is coming out from a certain area of a 
tundish nozzle, is a function of its square 
root height.
Figure 2.12 shows relationship between the
31
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Figure 2.12. The relationship between quantity of coming 
out water and its height in the vessel.
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quantity of coming out water per unit of time 
and height of liquid steel in the tundish.
2.3.2 The bubbling aspect
Principally, the density of liquid steel is 
the summation of fraction densities of its 
elements, as can be illustrated in equation 
(2.7) :
steel = xl/^Fe + x2/̂ Mn + x3/?C + x3^02 
+ X4/7N2 + ...............  (2.7)
where :
xi = volume fraction of each element 
Pi = density of related element
According to eqn.(2.7), more bubbling gas 
will decrease steel density and subsequently 
will decrease ferrostatic force.
Clearly, the bubbling gas has an effect on 
lowering the ferrostatic force, which also 
means lowering outflow rate of liquid steel 
from tundish nozzles. Increment of bubbling 
rate of gas will reduce the outflow rate of 
liquid steel.
33
2.4 Homogenizing temperature and composition
2.4.1 The profile of liquid steel temperature in the 
ladle
Even though the liquid steel in the ladle, 
that being sent to continuous casting machine, 
passes a special temperature homogenizing 
treatment, such as gas stirring treatment, it 
may still not be absolutely homogenized 
[Shiraishi et al, 1990].
The liquid steel that has been in a direct 
contact with a ladle refractory may have a 
relatively lower temperature than liquid steel 
that has not been in a direct contact with a 
ladle refractory, particularly when it is 
compared to the temperature of liquid steel 
from the center part of the ladle. A slight 
temperature deviation brings liquid steel into 
the tundish and fills it this indicates that 
there is a mutual contact between or among 
deviated temperature and parts of liquid steel 
in the tundish.
Within mutual contacts, during casting, heat 
transfer, from hot (the hottest) to cold (the 
coldest) take place that will lead to a new 
state of temperature homogeneity of liquid 
steel. This new state is more homogeneous 
[Joo and Guthrie, 1990] compared to liquid 
steel temperature in the ladle.
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The ladle, which will receives liquid steel 
from furnace, is heated in drying and 
preheating facilities to achieve a certain 
level of temperature ( 1200 °C) on the 
refractory. A certain time is required for the 
drying and preheating process in order to 
attain a better homogeneity of temperature of 
ladle refractory. The purpose of the drying is 
to evaporats all water that remain in the 
cement after installing refractory [Dinas 
Produksi BSP/PTKS, 1993 a].
Although the ladle refractory has been heated 
to a certain level of temperature, there is 
still a temperature deviation of liquid steel 
in the ladle. Figure 2.13 illustrates the 
profile of liquid steel temperature in the 
ladle.
Gas bubbling treatment in the ladle is a 
technique to improve the homogeneity of liquid 
steel temperature in the ladle. This treatment 
requires a certain time for homogenizing 
temperature [Dinas Produksi BSP/PTKS, 1993 b].
2.4.2 The profile of liquid steel temperature in the 
tundish.
Even the liquid steel has been homogenized, 
there is no full warranty that the liquid 
steel temperature is still homogeneous 
while staying in the tundish. Similar to the
35
Figure 2.13. Side view: profile of liquid steel temperature 
in the ladle [Dinas Produksi BSP/PTKS, 1993 a], 
A = ladle wall.
B = centre line.
C = ladle wall.
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ladle, the inner part of the tundish consists 
of refractory material, the part which has a 
direct contact with liquid steel.
The refractory temperature is lower than the 
liquid steel temperature, even though the 
refractory has gone through preheating 
treatment [Dinas Produksi BSP/PTKS, 1993 c]. 
Again, a previous condition occured where the 
inhomogeneity of liquid steel temperature in 
the tundish is almost smilar to the 
inhomogeneity of liquid steel temperature 
before bubbling treatment in the ladle.
The profile of liquid steel temperature in a 
tundish depends on the position of whether the 
liquid steel in the tundish. The farther the 
liquid steel from the down stream entry point, 
the lower the temperature of liquid steel. 
Thus, the higher temperature will be at the 
surrounding of the down stream entry point 
(see Fig. 2.14).
In addition the profile of liquid steel 
temperature in a tundish depends on the liquid 
steel position in the tundish, whether it is 
close to slag area or not. The lowest level of 
temperature will be at the surrounding of slag 
area.
By activating bubbling treatment in the 
tundish, the profile of liquid steel
37
A B C
Figure 2.14, Side view: profile of liquid steel 
temperature in the tundish [Dinas Produksi 
BSP/PTKS, 1993 b].
A = tundish wall.
B = down stream entry point,
C = tundish wall.
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temperature that have been depicted in Fig. 
2.14 will be changed to a nearly flat figure 
or without a peak part at the center region of 
the tundish (see Fig. 2.15).
The mixed flow volume of liquid steel in the 
tundish indicates the homogenization level of 
temperature. The best condition of a tundish 
design for this purpose is the one which has a 
higher mixed flow volume, as it will be more 
effective for homogenizing the temperature of 
liquid steel.
For this purpose, A modification of certain of 
a tundish design is required in order to 
maximize its mixed flow volume, e.g. by 
varying height of liquid steel in tundish, or 
by bubbling inert gas (and also varying its 
flow rate) to liquid steel in the tundish 
[Sinha et al, 1993],
2.4.3 Homogenizing composition in the ladle
Steel making is performed in a furnace such 
as, an EAF. Molten metal, that has already 
been adjusted for carbon, sulphur, phosphorus 
and also with fixed temperature for tapping, 
from the furnace is poured into a ladle. The 
other alloying elements, such as: manganese, 
silicon, niobium, vanadium etc., are being 
adjusted in the ladle.
39
A B C
Figure 2.15rSide view: profile of liquid steel temperature 
(after bubbling treatment) in the tundish 
[Dinas Produksi BSP/PTKS, 1993 c].
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The alloying elements are generally placed in 
the bottom of the ladle, and the molten steel 
from EAF is poured into the ladle. With 
advanced techniques, the alloying materials 
are added at the same time as the molten steel 
is poured into the ladle.
However, not all of the alloying elements can 
react on and mix with liquid steel. Since the 
alloying elements have been placed in the 
bottom of the ladle, it will cause higher 
concentration of the alloying element at the 
bottom of liquid steel in the ladle than in 
other parts of liquid steel in the ladle 
[Dinas Produksi BSP/PTKS, 1993 d].
Bubbling treatment in the ladle improve the 
condition of homogeneity composition the 
alloying elements will react on liquid 
steel and be distributed to all parts of 
liquid steel uniformly. The differences of 
alloying elements concentration within part of 
liquid steel in the ladle will be minimized 
and subsequently almost eliminated. Now, the 
composition of liquid steel has been 
homogenized and ready to be sent to casting 
shop.
2.4.4 Homogenizing composition in the tundish
However, there is no guarante that such 
homogenized composition of steel is still
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homogeneous after the liquid steel filled 
the tundish.
There are some possible explanations about the 
alteration of homogenized composition or 
concentration during casting. Elements which 
have a high affinity for oxygen , i.e 
aluminium, silicon, manganese, carbon etc., 
will react on oxygen. Clearly, their 
concentration in the liquid steel will change 
to a lower level.
2(Fe 0) + [Si] 
(Fe 0) + [C]
3(Fe 0) + 2[A1] 
[Si] + 02 
4[A1] + 3 02
2[Fe] + (Si02) 
[Fe] + CO 








The above equations are just examples, there 
are many other elements (manganese, phosphorus 
etc.) that react on oxygen.
Five equations above, will react during 
casting. In the first three equations (eqns. 
(2.8) - (2.10), the elements: silicon, carbon 
and aluminium react on oxygen in the slag; and 
in the last two equations (eqns. (2.11) - 
(2.12)), the elements silicon and aluminium 
react on free oxygen in the liquid steel. As a 
whole, the above reactions reduce
concentrations of elements in the liquid 
steel.
42
It should be noted, that the reducing 
concentration of elements is not happening 
uniformly in all parts of liquid steel in the 
tundish.
In eqn. (2.8), silicon in the liquid steel 
reacts on oxygen in the slag; in this case, 
the silicon in the liquid steel nearby the 
slag (interface of steel-slag) is lesser than 
silicon in other parts of the liquid steel; 
thus, there is a deviation of silicon content. 
The concentration of silicon is not uniform 
nor homogen in all parts of liquid steel in 
the tundish.
The same as the process in eqn (2.8), eqns. 
(2.9) and (2.10) indicate deviations of carbon 
and aluminium in the liquid steel, 
respectively.
In eqns. (2.11), and (2.12), silicon and 
carbon react on free oxygen in the liquid 
steel, respectively. Oxygen is sucked from 
open air and comes into liquid steel; this 
especially happens in the open stream casting 
practices like that at the present time in 
BSP/PTKS.
The location of oxygen sucking area is in the 
down stream (liquid steel) entry point. In 
that location, temperature is relatively 
higher and the air pressure is relatively
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lower than in other parts of liquid steel. 
These conditions is conducive or suitable for 
sucking oxygen [Lawson et al, 1990].
Thus, the contents of silicon and carbon are 
lower in the down stream entry point than 
other parts of liquid steel in the tundish. 
There are deviations on the contents of 
silicon and carbon.
In summary, the contents of silicon, carbon, 
aluminium etc. are lower in the interface of 
steel-slag area and in the downstream entry 
point than in other parts of liquid steel in 
the tundish. The deviations of chemical 
compositions of liquid steel in the tundish 
need to be eliminated or minimized.
Thus, there are some differences on the 
concentrations in parts of liquid steel in the 
tundish and they need to be eliminated or 
minimized.
The mixed volume of liquid steel in tundish 
will indicate the homogenization level of 
compositions [Sinha et al, 1993]. The best 
condition of operation or tundish design for 
this purpose is a high mixed volume which 
will homogenize the composition of liquid 
steel more effectively than a low mixed 
volume.
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As with temperature homogenization, for a 
certain design of a tundish, there are some 
possibilities to maximize its mixed volume 
e.g. by varying height of liquid steel in 
tundish, by bubbling inert gas (and also 
varying its flow rate) and installing dams and 
weirs to influence the flow pattern of liquid 
steel in the tundish.
2.5 Similarity criteria
Due to the difficulties to realize the study of fluid 
flow pattern in a full scale of tundish, a fluid 
flow study in a smaller scale tundish is performed, 
e.g. water models. However, hydrodynamic studies of 
tundish flows are not concerned with thermal and 
chemical similarity effects,
For these kinds of simulation, besides the geometric 
similarity between full scale tundish and water 
model, some dimensionless dynamic similarity criteria 
should be developed and met geometric similarity 
that provides the necessary means for scaling the 
physical characteristics (liquid depth) of the 
system, Dynamic similarity correlates with the ratios 
of various forces (e.g. inertia, viscosity, body 
forces, etc.) which acts in two systems [Basso, 
1994].
2.5.1 Dynamic similarity criteria
The balance among various forces acting on a
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fluid flow system can be explained by Navier- 
Stokes equation [ Behzad, 1993 ]:
DU
f --- = - V P  -yU. eff v U + Fb (2.13)
Dt
where :
U = velocity vector 
P = pressure vector 
/UQff = effective viscosity 
Fb = buoyancy force
From eqn. (2.14) can be concluded that, in a 
tundish operation , to achieve similar ratio 
of pressure force to kinetic energy, Reynolds 
(inertial force / viscous force) and Froude 
(inertial force / buoyancy force), numbers of 
a full scale system and a water model must be 
equivalent [Basso, 1994].
Many investigations show that flows in the 
typical gas stirred tundish systems are 
dominated by inertial and buoyancy forces 
rather than by turbulent viscosity forces. 
Thus, dynamic similarity between a water model 
and a full scale tundish system is established 
by Froude number similarity [Basso, 1994] :
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= Froude number for model 
= Froude number for steel 
= velocity in the steel 
= model height 
= steel tundish height
2.5.2 Modelling criteria
According to Heard [1992], the scale factor 













Hf = height factor
Hm = model height
Hs = steel tundish height
Af = area factor
Am = model area
As = steel tundish area
Uf = velocity factor
Um = velocity in the model
Us = velocity in the steel
3.0 EXPERIMENT
3.1 Model Design
A model design is determined by the Froude similarity 
number and a scale factor as has been explained in 
Sect.2.5 and eqns. (2.13) - (2.16). For practical 
reasons, limitation of space and services available, 
the selected model size was 8 % of the actual steel 
tundish size. Based on this scale factor, the Froude 
similarity number is calculated as follows :
Hm
Hf = —  = 0.08 
Hs
where :
Uf = velocity factor 
Urn = velocity in the model 
Us = velocity in the steel
Assume Us = 1, and Urn = 0.283
Froude number for the steel
Urn /Hm\ o • 5




( Fr ). = —
gHs
The actual tundish height, Hs = 0.6 m
(l)2
( Fr )s = -----------  = 0.17
(9.81)(0.6)
Froude number for the model :
Urn2
( Fr )m = -----
gHm
Hm
-- = 0 . 0 8  
Hs
Hm = 0.08 Hs








( Fr )m = —  
gHm
(0.283)2
= -------------  = 0.17
(9.81)(0.048)
Thus, in this model design, the Froude number of 
model is similar to the Froude number of steel.
3.2 Apparatus
The experimental apparatus consists of:
3.2.1 Laboratory scale tundish
The form of the tundish is made precisely 
similar to the real tundish of billet caster 
PT.Krakatau Steel. The tundish is made of 
steel plate which is completed with four 
nozzles at the bottom side. Through these 
nozzles, water (representing molten steel) 
comes out. To prevent corrosion on the 
surface of the tundish, all of surfaces were 
painted,
The dimensions of the laboratory scale tundish 
are 8 % of the real tundish dimension. It 
means that its length, width, and height are 





J  0  1 IUCH
VAi-ve
— KMM0*1 oijecTiom orifice
High height of water = 160 mm.
Medium height of water = 140 mm.
Lower height of water = 120 mm.
Figure 3.1. Dimension of laboratory scale tundish.
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Figure 3.2. Three dimensional drawing of laboratory scale 
tundish.
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3.2.2 The tundish support.
The tundish model was placed at a certain 
elevation using a tundish support. Its height 
was approximately 1.2 m above the floor. The 
. bottom part of the support was completed with 
a tank. The tank has two functions, receiving 
water which comes out from the tundish nozzles 
and sends the water to the outlet facility.
3.2.3 The water pipe inlet.
The pipe was located above the tundish model. 
The water which substitute for tne molten 
steel, flowed into the tundish, in the same 
place as the steel coming out from the ladle.
3.2.4 The electrodes
The electrodes consist of a couple of 
different metals. The two different metals 
with large differences in their standard 
potential voltages, were copper wire and zinc 
coated wire. There were sixteen electrodes, 
the lower ends were under water (an 
electrolyte of KMnCU solution) and the upper 
ends were connected to the computer.
3.2.5 The computer.
The computer used was a processing unit of 
ACER power 386 SX, a SVGA monitor key board, 
and a printer (EPSON LQ 1060 X). The computer 
was operated with Windows program.
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3.2.6 The gas
These experiments use nitrogen gas as a 




Steps in preparing the equipment for tests
were as follows :
1) open the valve of the inlet water pipe and 
fill the tundish model.
2) adjust the opened valve in order to 
get constant level of water in the tundish 
model so that the inflow and outflow are 
balanced.
3) switch on the monitor screen and the 
processing unit.
4) operate the computer in accordance with the 
Windows program manual.
5) finally, adjust the program, so that the 
two required coordinates will appear on the 
monitoring screen. The vertical line is 
expressed in voltage (mv) and the 
horizontal line is expressed in time units.
As this preparation was completed, the
experiment can be started.
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3.3.2 The experiment procedure.
A The procedure was as follows :
Inject the KMnCU solution through a small hole 
of the inlet water pipe. The solution directly 
mixes with water and comes into the tundish 
model. The concentration of the solution was 
kept at a constant value, viz 10 g of KMn04 in 
200 ml of water.
As the solution was injected into the water, 
the button was pressed to activate and set the 
time origin. The computer system will measure 
the actual voltage of each electrode, where it 
is generated when the solution has contacted 
the couple directly.
B Measuring of water coming out
The flow rate of water coming out from each 
tundish nozzle was determined by putting a 
container with a capacity of one litre 
underneath each nozzle. A stop watch was used 
to measure the time needed to fill the one 
litre container.
3.4 Scope of the experiments
Six groups of experiments were carried out to 
investigate the effects of ;
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1) height of the liquid in the tundish,
2 ) method of gas bubbling,
3) the flow rate of gas.
Table 3.2 summarises types of experiments that were 
carried out. Each type of experiment was carried out 
twice to gain its reproducibility degree.
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Figure 3.3. The line diagram of experiment apparatus.
A = tundish model filled with KMn O4 solution. 
B = electrodes (copper, zinc coated wires),
C = fine cable.
D = monitor screen displays generated 
different voltage as function of time.
E = processor unit.
F = key board.
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Table 3.1. Details of tundish water model
Length, cm 70
Bottom width, cm 15
Top width, cm 30
Height, cm 20
Capacity, 1 31.5
Down stream entry nozzle height 
from tundish water-surface, cm 12




Symbol method of 
bubbling
bubbling rate, 1/min \
11
1
straight wavy 0 4 8 12.5 17 !
1. High H yes not H/0 H/4/- H/8/- H/12.5/-
1
H/17/-I
2. High H not yes H/0 H/4/= H/8/= H/12.5/= H/17/=!
3. Medium M yes not M/0 M/4/- M/8/- M/12.5/- M/17/-!
4. Medium M not yes M/0 M/4/= M/8/= M/12.5/= M/17/=|
5. Lower L yes not L/0 L/4/- L/8/- L/12.5/- L/17/— !
6. Lower L not yes L/0 L/4/= L/8/= L/12.5/= L/17/=!
\ — -------------------------------------------------------------------------------------------- /
Notes :
1. the method of bubbling is straight means that gas is 
bubbled through a straight pipe that was located at 
the bottom of the tundish. The pipe was equiped with 
four outflow gas orifices.
2. the method of bubbling is wavy means that gas is 
bubbled through a pipe of a wavy type that was 
located at the bottom of the tundish. The pipe was 
equiped with nine outflow gas orifices.
3. Nitrogen was used as the bubbling gas.
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4. High, medium and lower heights of water mean the 
heights are 160, 140 and 120 cm, respectively, as 
shown in Fig. 3.1.
Figures 3.4 and 3.5 are photographs of laboratory 
facilities which consist of a tundish model, a nitrogen 
gas bottle, a computer apparatus, a water pipe, etc. All 
of these facilities are available in the laboratory where 
the experiment is conducted.
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Figure 3.4. A photograph of a laboratory scale tundish and 
a nitrogen gas bottle
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Figure 3.5. A photograph of a laboratory scale tundish, 




Response curve, which is expressed by concentration 
vs time given in the literature [Sahai, 1990], can be 
seen in Fig. 2.5. The response curves of these 
experiments are shown in Fig. 4.1, and these are 
being typical examples. The other response curves, 
960 in total, are stored in the computer disk and are 
available upon request from the Department of 
Materials Engineering, The University of Wollongong. 
Noting that the time scale used in the experiments is 
expanded, the response curves of the experiment (Fig. 
4.1) are similar to those shown in Fig. 2.5.
4.2 Reproducibility
In order to know about the consistency of data, the 
deviations of data obtained on duplication are shown 
in Tables 4.1 - 4.3.
Table 4.1 Reproducibility (high height)
First run 58.5 50.8 53.9 58.9 51.9 47.0 50.6 52.2 
( s ) 58.0 49.7 56 57 21.0 15.6 14.0 20.0
Second run 60.1 52.4 56.1 55.9 54.7 51.2 49.8 51.0 
( s ) 56.2 54.3 50.8 60.2 21.6 16,0 14.0 20.0
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6^
Figure 4.1 Response curvesof experiment
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56 - 50.8
maximum deviation = ----------  x 100 % = 10.23 %
50.8
Table 4.2 Reproducibility (Medium height)
First run 
( s )
58.1 58.6 53.2 58.5 49.3 48.3 48.4 58.9 
54.4 49.0 55.6 57.0 15.7 15.3 15.5 18.9
Second run 
( s )
59.3 56.3 57.8 64.1 55.3 54.3 55.4 54.9
57.4 53.2 51.8 55.4 16.5 15.1 15.9 19.3
55.4 - 48.4
maximum deviation = ------------  x 100 % = 14.46 %
48.4
Table 4.3 Reproducibility (Low height)
First run
( s )
56.7 55.3 60.0 60.5 50.9 54.2 50.8 57.9
53.7 50.9 52.6 55.3 20.0 15.9 16.1 20.8
Second run 
( s )
60.9 59.9 61.4 63.1 57.3 50.4 55.4 52.9 
58,5 57.5 55.6 57.7 19.5 16.7 16.3 22.0
57.5 - 50.9
maximum deviation = ------------  x 100 % = 12.96 %
50.9
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According to the data, the biggest deviations are 
10.23 %, 14.46 % and 12.96 % as shown in Tables 4.1, 
4.2, 4.3, respectively. These deviations are 
considered to be within reasonable experimental 
error.
4.3 Treatment of raw data
Fig.4.1 displays the type of experimental response 
curves comparing Fig.4.1 and Sect.2.1.3 (page 11­
14), it can be observed that the closest response 
given there is shows in Fig,2.5. Sahai [1990] 
interprets this response as a result of a combined 
plug - mixed flow model.
The ideal case of plug volume - mixed volume 
combination is given in Fig. 2.4 (page 16). By 
examining the above case, it is noticed that the 
experimental results in Fig. 4.1 are more like 
consistent with Fig. 2.7 than Fig. 2.4, although the 
fundamental quantification of Vp, Vm, etc. remains 
the same.
The tp is determined according to Sect.2.1.1 and Fig.
2.4 and the result is drawn in Fig. 4.2.
Fig.4.3 shows the determination of tm. Mixed flow is 
used in actual fact and it is similar to dispersed 
flow. The reason to choose mixed flow is that ideal 
mixed flow requires an exponential response as in 
Fig. 2.2 (page 13), whereas dispersed flow does not, 
especially for large degrees of disperson (mixing) as
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Figure 4.2,Determination of tp.
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Figure L\. 3. Déterminât ion of tm .
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can be seen in Fig. 2.8 (page 20). Therefore, the tm, 
which is calculated from the response curve, 
according to Fig. 4.3, is justified.
4.4 Floating up of non-metallic inclusions
According to the definition in Sect.2.1.3, the plug 
flow volume in this section is assumed to be the plug 
flow time (in seconds) given by Fig 4.2.
According to the experimental data presented in 
Appendix (Figs. A.1-A.6), a sample which is given in 
Fig. 4.4, is influenced by gas bubbling (the rate and 
method) and height of water on plug flow and 
subsequently it may be expected to affect the 
floating up of non-metallic inclusions.
Figures 4.4 and 4.5 show different graphs of plug 
flow time as a function of gas bubbling rate. Even 
both of the figures were in the same high height of 
water, they experienced a different method of 
bubbling. Figure 4.4 was treated by a straight 
bubbling method and Fig. 4.5 was treated by a wavy 
bubbling method (see Table 3.2).
Figures 4.4 and 4.6 also show different graphs of 
plug flow time as a function of gas bubbling rate. 
Unlikely the above case, Fig.4.4 and Fig.4.6 
experience different height of water (see Table 3.2).
According to the above results, the gas bubbling 
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Figure 4.6. Plug flow time as a function of gas bubbling
rate (straight type) in medium height of
water.
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affecting the plug flow time and subsequently it may 
be expected to affect the floating up of non-metallie 
inclusions.
The following explanation relates with the floating 
up forces in Sec. 2.2.2. The acceleration of 
particles (inclusions) will be zero when all of the 
three forces are in balance. The buoyancy force 
(eqn,(2.2)) can be increased by gas bubbling that 
will promote inclusion growth and subsequently its 
flotation rate (its plug flow time). It means, when 
the bubbling rate is more than 8 1/min, it may raise 
inclusions growth and subsequently, the buoyancy 
force increase gradually in all three water heights 
(high, medium and low) of experiments. In short, it 
is proved that bubbling rate more than 8 1/min was 
very effective in all conditions of experiments.
Figures A.l - A.6 (in appendix) show that at first, 
the plug flow is decrease as gas bubbling increase 
(up to 8 1/min) and after that, it increases 
gradually.
Regarding to all possible answers, the reason of the 
above case is as follows. As mentioned in Sect.2.2.3, 
at a certain design of tundish, its plug flow time 
can be maximized (automatically its flotation rate) 
by increasing bubbling rate and varying height of 
water. It means that the increment of bubbling rate 
will increase tundish plug flow time and subsequently 
increase its capability value to float up non­
metallic inclussions.
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In the case of high water height, the best condition 
of plug flow (automatically best condition of 
floating up non-metallic inclusions) is the gas 
bubbling rate of 17 1/min. At that condition, the 
maximum plug flow time can be attained. Maximum plug 
flow time of 20.1 seconds (Fig. 4.4) is the highest 
time attained in the high height of water. By 
inference it means, in the normal height of steel, 
the gas bubbling rate of 17 1/min should be the best 
rate for floating up of non-metallic inclusions. In 
this condition, cleaner water should be obtained more 
easily than with other conditions of the bubbling 
rate.
In the case of medium water height, the best 
condition of plug flow in the gas bubbling rate is 17 
l/'min. At that rate, plug flow time can achieve 18 
seconds (Fig. A.4). It means that a lower plug flow 
time can be achieved in the medium height of water 
compared to high height of water, even at the same 
bubbling rate.
In the experimental condition of low water height, a 
close pattern is attained as may be seen in Figs. A.5 
and A.6. Figure A.5 (bubbled through pipe of straight 
type) shows that at first, as the flow rate of 
bubbling increase, the plug flow goes down to a 
certain level. Next, when the increment of the 
bubbling flow rate rise, the plug flow goes up. 
Finally, the plug flow will be maximum at the maximum 
flow rate of gas that has been implemented at the 
experimental process. Compared to Fig. A.6 (bubbled
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through pipe of wavy type), the result indicates that 
the plug flow consistently goes down following the 
increasing flow rate, and later, it goes up 
corresponding with further increment of the flow rate 
and finally, achieves the maximum time at the maximum 
flow rate.
Going over the experimental conditions in Table 3.2, 
the best condition of floating up of non-metallic 
inclusions is the normal height of liquid with 
bubbling rate of 17 1/min. The best condition has the 
longest plug flow time 20.1 seconds, (see Table 4.6).
4.5 Distribution of water.
Figures A.7-A.12 show that a given height of water in 
a tundish needs a certain time of distribution or 
volume rate of coming out from tundish nozzles.
For example, comparing the conditions between Fig. 
4.7 and 4.8, both of them are at a different height 
of water (high and medium) but at a same type of 
pipe (straight type) for bubbling. The outcomes of 
the above different conditions'are different time 
distributions or volume rate of coming out water from 
tundish nozzles although both of them are at the same 
rate of gas flow or method of bubbling.
The medium height of water needs a longer time 
distribution at all rates of gas flow compared with 
the other type of water height. The longest time 
distribution can be found at a lower height of water.
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Figure 4.7. Time distribution of coming out water from
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Gas Flow rate, l/minute
Figure 4.8. Time distribution of coming out water from
tundish nozzles (water medium height and
straight bubbling conditions).
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The time distribution at a zero rate of gas flow was 
merely affected by the height of water in tundish. In 
this condition, at a zero rate of gas flow, the time 
distribution will increase as an " h According to 
eqn.(2.6), this condition happens by reducing height 
of water in a tundish. The longest time of time 
distribution corresponds with a lower height of water 
in a tundish.
These results can be explained by considering the 
ferrostatic head (eqn.(2.6)). Refering to this 
equation, a shorter time distribution in Fig. 4.7 
influenced by differences of water height. The water 
height in Fig. 4.7 is higher than in Fig. 4.8, it 
means that the conditions of experiments in Fig. 4.7 
had shorter time distribution compare to the time 
distribution in Fig.4.8. (see eqn.(2.6)). Responding 
to the ferrostatic head equation, the increment of 
water height resulted in the declining of time 
distribution; as the water height becomes higher and 
higher, the time distribution becomes shorter and 
shorter. It seems that the water height and the time 
distribution has a negative relationship.
Figure 4.9 shows clearly that the comparison of time 
distributions as a function of water height is 
without bubbling. The calculated line was found by 
inputing all values of parameters to eqn. (2.6). The 
main thing that can be concluded is that the two 
lines (calculated and experimental) have similar 
tendencies, they decrease as water height increase. 
So, there is no contradiction between theory and
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Figure 4.9. Comparison of times distributions (between 
theory and experimental results) as function 




According to Fig, 4.9, however, times distributions 
in each of the water height have different values. 
These differences probably caused by human error 
during measuring the tundish nozzles diameter, 
measuring time by a stop watch is used and etc.
Figures 4.7 and 4,10 also show that a certain 
experimental condition needs a certain time 
distribution or volume rate of coming out water from 
tundish nozzles. These two conditions were at the 
same height of water in the tundish but at a 
different bubbling method (straight pipe and wavy 
pipe). These two figures resulted in different time 
distribution or volume rate of coming out water from 
tundish nozzles despite of the same high water 
height.
At all conditions of experiment, any increasing of 
gas flow rate will also increase the time 
distribution. It can be explained by eqns. (2.7) and 
(2.3). According to eqn.(2.7), the density of liquid 
steel will decrease when there were a lot of gas in 
steel, consequently, the time distribution of liquid 
steel will increase.
Figure 4.11 shows that the bubbling rate affect 
time distribution. At the same height of water, the 
increasing of bubbling rate will increase the time 
disstribution. This can be explained by eqns. (2,7) 
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Figure 4.10. Time distribution of coming out water from
tundish nozzles (water high height and wavy
bubbling conditions).
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Figure 4.11. Comparison of times distributions (between 
with and without bubbling) as a function of 
water height.
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water will decrease as bubbling rate increase (caused 
by increasing gases in the water) and subsequently 
according to eqn, (2.3), its gravitational force will 
also decrease. By reducing its density, the water 
becomes lighter and will decrease its capability to 
go down or come out from tundish nozzles. This means 
that the distribution of water becomes more difficult 
and needs longer time'.
The increasing of time distribution is more 
significant at lower height of water than at high and 
medium height of water. It can be explained by 
eqn.(2.6), the time distribution will increase by 
decreasing the height of water.
According to the experimentáis conditions (see Table 
3.2), the best condition for distributing the water 
out is described theory that determined by the high 
height of water without bubbling gas condition. This 
best condition has the shortest time distribution, 
that is 20.5 seconds, (see Table 4.6).
4.6 Homogenization of water.
Figures A.13-A.18, show that at any condition of 
experiment viz varying height of water in tundish, 
rate of gas flow and type of bubbling pipe, the 
shortest time of homogenization will be at the rate 
of 8 1/min of gas flow.
In general, it can be seen that at first, the time of 
homogenization goes down gradually by increasing the
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rate of gas flow; then, it will achieve the shortest 
time at 8 1/min of gas flow and thereafter gradually, 
it will go up when the rate increases.
The reason for this result is as follows. As 
mentioned in Sect. 2.4.2, at a certain design of 
tundish, the mixed flow time can be varied by 
bubbling rate. Up to a certain limit of bubbling 
rate, a positive effect on tundish mixed flow time 
(automaticaly its homogenization time). Beyond this 
limit, the turbulence will appear rather than 
homogenization. In this condition, the homogenization 
effect will become worse.
As a whole, the shortest homogenization time is in 
condition where the height of water is high and the 
bubbling rate is 8 1/min.
Typically, any experimental conditions will create a 
certain figure of time distribution as a function of 
gas flow rate.
In the condition of the same height of water, for 
instance, high height of water, (see Figs. 4.12 and 
4.13) and a different bubbling condition which was 
caused by different type of bubbling pipe, will bring 
about a different result or a trend of homogenization 
times as a function of gas flow rate.
A comparison between two figures above, viz Fig. 4.12 
and 4.13, show that the shortest time of 
homogenization is in Fig. 4.12, that is 51.5 seconds
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Figure 4.12. Homogenization time as a function of
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Figure 4.13. Homogenization time as a function of
bubbling (wavy type) in a high water
height condition.
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with gas flow rate of 8 1/min. Results show that the 
pattern in Fig. 4,12 tend to be lower than the 
pattern in Fig. 4.13. It means that the 
homogenization will be faster to achieve on the 
condition pertained in Fig.4.12 than in Fig. 4.13.
The reason for this result may be explained as 
follows. According to Table 3.2, the condition in 
Fig. 4.13 is bubbled by gas through wavy pipe type 
which has twice the number of gas nozzles compared 
to straight pipe type (used in Fig. 4.12). The number 
of gas nozzles in Fig. 4.13 will make the condition 
more agitative. So, this condition is not so suitable 
for homogenizing. That is why the condition in Fig. 
4.13 needs longer homogenization time compared to the 
condition in Fig. 4.12 which is more suitable for 
homogenizing.
By comparing the two figures above, there is an 
optimum rate of gas flow to achieve the shortest 
homogenization time. The decreasing of homogenization 
time is not necessarily follow by the increasing of 
the gas flow rate; the 8 1/min of gas flow is the 
optimum rate to achieve the shortest homogenization 
time. When the rate is either lower or higher than 
that, the homogenization time will be longer.
Another parameter which affects the homogenization 
time is the height of water in the tundish, even if 
the bubbling condition is the same (Fig,4.12 and 
4.14), it will also produce a result in a different 
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Figure 4.14. Homogenization time as a function of




The above effects of the height of water on the 
homogenization time can be explained by Etm =C-O
r v  » v-. (see Fig. 2.2 or eqn.(2.2)).
o' v *  V t  dt
By inputing all average values of data in Table 4.4 
and 4.5, Figs, 4.12 and 4.14 and both water volume in 
high and medium height in tundish (see Fig. 3.1 and 
3.2) to the above equation, the outcome are the exit 
age of mixed flow (Etm ) for high and medium height of 
water, respectively. The exit age of mixed flow for 
high height of water condition is 8.30 % higher than 
for medium height of water, It means, that the water 
height affects the homogenization time, even the 
bubbling rate is same.
It is also obvious from Tables 4.1-4.3 that for the 
same test, there are differences in recorded times at 
a different position in the tundish. This is a new 
result because previous studies [Sahai, 1990], only 
measured one output to trace injection. This 
interprets that homogenization is not the some at all 
locations.
One useful observation for industrial scale 
application in this section is the bubbling treatment 
period. In this period, the surface is frequently 
broken when the bubbling rate exceed a certain rate. 
The broken surface in a steel will invite oxygen, 
hydrogen and etc. from air to come into the liquid 
steel. Elements in liquid steel will react with




H/0 | H/4/- H/8/- H/12,5/- H/17/-
1 20 22 23 25 26
2 22 23 24 26 27
3 20 23 24 25 27
4 20 22 24 26 28
Avg 20,50 22,50 23,75 25,50 27,00
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Table 4 .5 . Time for efflux of 1 litre from each slrand (s).
Nr
Strand
Experimental Condition ;; > 5' ""
M/0 M/4/= M/8/= M/12,5/= M/17/—
1 23 28 31 33 34
2 24 29 30 33 34
3 24 29 30 32 33
4 24 28 31 33 33
Avg 23,7.5 28,50 30,50 32,75 33,50
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oxygen, see (eqns.(2.11) and (2.12)). It means, by 
breaking the slag surface (caused by higher bubbling 
rate) an extra longer time is required to get a new 
state of homogenization. In this case, homogenization 
time is the time for homogenizing elements in liquid 
steel (e q n s .(2.8-2.10) ) and oxygen from air 
(eqns.(2.11 and 2.12)).
Conversely, when the bubbling rate is less than 8 
1/min, the top surface (slag surface) will not break. 
Consequently, lower energy (generated by gas 
bubbling) for homogenizing the compositions that 
already exist in liquid steel will be needed, 
subsequently the homogenization time will be shorter. 
In other words, there are no chemical reactions 
between elements in the liquid steel with oxygen from 
air, thus, the homogenization time is the time merely 
for homogenizing elements that already exist in 
the liquid steel, (see eqns. ((2.8)— (2.10)).
With a similar explanation to the homogenization time 
of composition in industrial scale, the 
homogenization time of temperature will increase by 
increasing the bubbling rate more than a certain 
rate. Conversely, in the condition where bubbling 
rate is less than a certain rate, a shorter 
homogenization time of temperature will be needed. 
The condition of homogenized temperature shown in 




Variables investegated were five gas bubbling rates 
at the range of 0 - 17 1/min, three water levels ( 
high, medium and low ) and two gas bubbling types, 
viz straight and wavy .
The result of the study can be summarized in an 
"Experimental Result Summary Table", in Table 4.6.
1. The longest plug flow time is 20.1 seconds (H/—, 
see Fig. 4.4).
2. The highest efflux rate of water at the exit 
nozzle requires the shortest time, that is 20.5 
seconds (H/-, see Fig. 4.7).
3. The shortest mixed flow time is 51.5 seconds (H/-, 
see Fig 4.12).
Finally, points coordinate for every condition of the 
three conditions above are :
A (17, 20.1) : point coordinate of the longest plug 
flow time.
B (0, 20.5) : point coordinate of efflux rate
shortest time.
C (8, 51.5) : point coordinate of the shortest mixed 
flow time.
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The above water model results suggest that these also 
could be as the most suitable condition of gas flow 
rate and liquid level in the provotype steel tundish 
that may yield to the desired flow pattern for non­
metallic inclusion flotation (point A), distributing 
out of liquid steel (point B), temperature 
homogenisation and composition homogenisation (point 
C).
It is clear from the foregoing results that the 
floating up of non-metallic inclusion, on the one 
hand, and the homogenization of water, on the other, 
require diametrically opposite flow pattern in the 
tundish. Thus, plug flow is the best flow pattern for 
floating up of non-metallic inclusion and the most 
detrimental for homogenizing. Mixed flow, by 
contrast, is the best flow pattern for homogenizing 
and quite insuitable for inclusion elimination.
However, the results presented here suggest a 
compromise condition. It will accomodate both 
conditions of the experimental purpose 
simultaneously. The compromise condition, may help to 
solve the actual problem of product quality 
(cleanliness of steel, chemical and center line 
segregations) in the field, without duly sacrificing 
the very important aspect of quality.
For the above purpose, three points are connected 
each other and build triangle ABC. Then, three 
perpendicular centre lines on each side of the 
triangle are drawn to meet each other at one point
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(see Fig. 4.15).
Point D ( 8.6, 31.1 ) is the optimum point to achieve 
the three purposes of the experiment simultaneously. 
This point also implies to an optimum condition in 
the steel tundish that may yield to the desired flow 
pattern for non-metallic inclusion flotation, 
distributing out of liquid steel, temperature 





EXPERIMENTAL RESULT SUMMARY TABLE
N O . D E S C R IP T IO N U N IT  
O F  T IM E
E X P E R IM E N T A L  C O N D IT IO N S  j
H M L
: O O IJ iU l ; W M U  ■
1 T h e  p lu g  flo w  tim e S e co n d 17,8 2 0 ,1 14,7 16,5 17,1 18 18,4 19,7 18,6
2 T h e  e f f lu x  ra te  tim e S e co n d 2 0 , 5 2 2 ,5 2 5 ,2 5 2 3 ,7 5 2 5 ,7 5 2 8 ,5 2 8 ,7 5 3 1 ,5 3 3 ,7 5 !
3 T h e  m ixed  flo w  tim e S e co n d 54,1 5 1 , 5 5 2 ,7 5 5 ,2 5 4 ,5 5 4 ,9 5 6 ,2 55
I
5 6 ,3
A c c o rd in g  to  the  a b o ve  T a b le , th e  b e s t c o n d it io n  o f each  d e s c r ip tio n  as fo llo w s  :
a )  . H /1 7 /— Is th e  b e s t c o n d it io n  fo r f lo a tin g  up  o f n o n -m e ta li ic  in c lu s io n
b )  . H /O  Is the  b e s t c o n d it io n  fo r d is tr ib u t in g  o u t o f w a te r
c )  . H /8 / -  Is th e  b e s t c o n d it io n  fo r  h o m o g e n iz in g  o f w a te r
5.0 Conclusions
The results of this research have shown that :
1. Height of water, bubbling method, and gas flow rate
affect the plug and mixed flow time in the model
used. This invention is useful to indicate the
effectiveness of floating up of non-metallic 
inclusions, distributing out of liquid steel and 
homogenization of temperature and composition in the 
steel.
2. For the high water level in the model, by simulating
the normal liquid level in a steel tundish, the
results show that not all of the parameters in point 
(1) come out with the best value at the same time .
3. At the high water level in the model, gas flow rate 
of 8.6 1/min indicates an existence of optimum 
condition refering to point (2) above.
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Second
Gaa Flow rate, l/minute.
Figure A.12.
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108
M /  -
TIME















± _  55.1 ____54̂ .9
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 11 
1 /  minute
A.16.
TIME
L /  -













50 i i ï i T r i i i r i i i i—i—i—
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17
I /  minute
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1 T A B L E  A,I
H / Q
Nr . • • : • ' Second
1Ü ! \  \ \  \ \  cvCv.v, •: •. ; : i2 . Javf%
23 21,0 21,6 21,3
24 15,6 16,0 15,8
25 14,0 14,0 14,0
16 20,0 20,0 20,0
17,8
T A B L E  A.4
H / 1 2 . 5 / -
;;Nr| •; nLn T - ^ r->:■ . ; A ;• • C • • - • Second; ’ -'Tv'-'.'" T'Tv ’
f l S I P
a < -*-» y ••' .<> '̂ VV;
T avr
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24 15,7 15,7 15,7
15 15,3 15,7 15,5
16 16,0 18,1 17,1
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T A B L E  A.2
Nr vx >v̂ Second ' ' S'* n\* N .• >.•>:•>•>: • s .
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13 17,2 16,6 16,9
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T A B L E  A.5
• ' H / 1 7 / -
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g l ! '•VÍíS'feJÍ:' VivW>' > 77 3vVv>LL' fTfO > ’*:> c i Tvr>2:>/; Tavrû -
23 17,7 19,1 18,4
24 17,3 16,9 17,1
25 21,4 23,3 22,4
25 21,9 23,3 22,6
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•V\v >>>: ;.vV'.- v>: >;■ L'
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■pfPiÄP 5 ■> /<;■ i$í§mrjyX'> •»• ”>•:'::Tavjc-\
23 13,7 14,1 13,9
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25 14,2 13,6 13,9
13,5
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T A B L E  A,7
H / m m
Nr tM ¿̂ Second: l-i\\ s'̂ Vox’aV" '
. Ca . : 3T̂ *' Tdvr
75 10,0 10,0 10,0
24 10,0 10,0 10,0
25 12,0 12,0 12,0
75 10,0 m o 10,0
\ !0.51______......i
T A B L E  A,8
H J J Z M S
N r. >¥: i t -  i
C2t l l i i i i « i i i i W T a v r  '
25 13 ,6 1 3 ,6 1 3 ,6
24 12 ,3 12 ,3 12 ,3
25 13,1 13 ,9 13 ,5
16 io  o 12 ,8 12 ,5
1 13,0
T A B L E  A.9
H  / 1 7  /  =
f f l s
' Tavr
25 15,0 16,2 15,6
24 12,4 12,4 12,4
25 14,1 14,8 14,5
75 15,8 16,5 16,2
T A B L E  A. 10
M / O
Nr
•« >'>\vC>vy>v*.'»'v >».>»> Y>v>>>>• v>»
Second LLL'LL-"
g®il rr*4 '!• —i'S'1« e i i i
■»>»>»>»>»"»'•>*• >»»>»■• 
WTay^r
75 15,7 16,5 16,1
24 15,3 15,1 15,2
25 15,5 15,9 15,7
75 18,9 19,3 19,1
16,5
T A B L E  A. 11
M M i k
Nr
VX<-<<¥■&>
; 1>>V> >V>>yk ■ »*>*>• > V > >/.sum^>>>*'<V'>vV>.y :
L'Y>>sL^;L':Y
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24 14,8 15,6 15,2
25 15,6 15,8 15,7
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A f / a / -
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.. ■.. . . .... .., .
m. s  ̂vim •■••»•■.' •- -1': .


















T A B L E
m m m m
, Nr. i ' & Second | \;S
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m m m
g l §
v v>»- » ;jif- {&*'• $\ V;'. S' i’S I'S- V-: S' V:f l | | | | f l
Ch v~j-i  £>'*s,jj 3 IIT lltt ■ i m
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lilli • l i i  ••• :=-V; : 13,5
T A B L E  A, 14
M / 1 7 / -
: Nr,., Second
Ch IIS T2 Tavr S'
13 17,4 16,4 16,9
14 14,6 16,6 15,6
15 14,9 15,5 15,2
16 on o 21,4 20,8
17,1
T A B L E  A. 17
Af/ tZiSUM
¡ H
• ^yCv'$2 ?**V->?■?.')Sv; Second ' - •. - ;■. >. .>.'•.* ,v>./. ,r*.w.C\y .■>)X\\y!y .'v‘\
H f
j'J' >»>\»sv>wv», •.if '4 i l l i p l l Tavr
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m m m m
Nr. . v.v.vx \\\ < Second
Ch & T 2 T avr
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15 15,3 16,1 15,7
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I : ' : '  ' • ' • - .V  . ! 15,6
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M / 17 / —
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liSS lii:s<.<'V>\sy y • T a vr
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m o
Nr Second « l l l i i l
Ck T2 T avr
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16 20 8 99 0 21,4
18,4
T A B L E  A.20
W i M B
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S B ! Tl T2 1 T avr |
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T A B L E  A.21
m M M m
Nr Second
Ch ¥ ^ :i z  - T avr
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■ 1 ! S xX__  11—i
T A B L E  A.22
L f  12.5 / -
Nr
- : .n v
Second v\; >,7.
fill ' ' i f f , Ta v r
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T A B L E A.23
L f  17/ -
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L / 8 /  =
Nt , Second
Ch V T l T2 Tavr
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T A B L E  A ,28 ” .
(Bach liter of water coming out from each strand needs time,second)
Nr , 
Strand
Experimental Condition • »< ■*•.<•> £ >»>y.V i,1
rl/O : M/4/- H/8/- H/12,5/- w w ^ - %
1 20 22 23 25 26
2 22 23 24 26 27
3 20 23 24 25 27
4 20 22 24 26 28
Avg 20,50 22,50 23,75 25,50 27,00
T A B L E  A. 29 . ,
{Each liter of water coming out from each strand needs time» second)
/: Nr W&&8& \/ & ■•;iv-'i '< *v;V ® |>erin^  1
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4 20 26 27 29 30
Avg 20,50 25,25 27,00 28,75 29,50
T A B L E  A, 30
(Each liter of water coming out from each strand needs time*second)
: -Nr / ■ r.V :.r Experimental Condition:'/i/iflf?' M M i H i
Strand IlM /Q Sl . m /4 /- :: M/8/- M/12,5/-;
i 23 26 28 30 31
2 24 25 27 29 30
3 24 26 27 30 31
4 24 26 28 29 30
Avg 23,75 25,75 27,50 29,50 30,50
T A B L E  A.31
(Each liter of water coming out from each strand needs time,second)
Nr , . 
Strand
Experimental Condition §¡§§¡1'
- M/0 : ' M /4/- : M/8/= M/i23/=:;
1 23 28 31 33 34
2 24 29 30 33 34
3 24 29 30 32 33
4 24 28 31 33 33
Avg 23,75 28,50 30,50 32,75 33,50
(
T A B L E  A .32 .
(Each liter of water coming out from each strand needs time,second)!
Nr si?; Expei3meiiM'.eonditid#l#i®
, Strand ¡liilil; 1 L/4/~ llilliig: ¡* ■ 1
i 29 31 33 36 38
2 28 32 34 35 37
3 29 32 33 36 37
4 29 31 34 36 38
Avg 28,75 31,50 33,50 35,75 37,50
T A B L E  A.  33
(Each liter of water coining out from each strand needs time,second)
| |N r J i V f'< 'i \  v  l Experimental Condition, 1 |||§  1-rmf e i l w i l
Iplrlnif : L/0 ;:
v-y-v-v v.;.;-: > < . w m m § m 'L/8/="-' ; L /i2 lf l i
 ̂- v  W  !; 'A
n m m m w
i 29 33 36 36 40
2 28 34 36 37 41
3 29 34 35 37 40
4 29 34 35 37 41
Avg 28,75 33,75 35,50 36,75 40,50
•' A
lijjijijililii
T A B L E  A.34
H/O
Nr Second
Ch T l T2 T avr
1 58,5 60,1 59,3
2 50,8 52,4 51,6
3 53,9 56,1 55,0
4 58,9 55,9 57,4
5 51,9 54,7 53,3
6 47,0 51,2 49,1
7 50,6 49,8 50,2
8 52,2 51,0 51,6
9 58,0 56,2 57,1
10 49,7 54,3 52,0
11 56,0 50,8 53,4
12 57,0 60,2 58,6
• 54,1
T A B L E  A. 35
H I Æ M
Nr ' ' • Second / t ■' ■ ■'
Ch T l - ,  T2 T avr
1 59,0 54,8 56,9
2 50,4 53,2 51,8
3 52,7 55,7 54.2
4 59.6 55,2 57,4
5 51,3 53,9 52,6
6 47,7 49,9 48,8
7 48,9 52,7 50,8
8 54,7 51,9 53,3
9 52,8 54,2 53,5
10 50,5 53,7 52,1
11 52,5 51,9 52,2
12 58,0 55,2 56,6
53,4 [
T A B L E  Â.36
H / 8 / ~
; Nf; ' , Second ..
C b C r T l iX - X m T Z r x T avr
\ 1 45,4 53,6 49,5
2 49,9 55,1 52,5
î j» 50,5 59,3 54,9
4 54,6 56,6 55,6
5 48,2 54,8 51,5
6 47,5 50,7 49,1
7 46,3 51,1 48,7
8 53,1 50,3 51,7
9 54,2 49,6 51,9
10 46,3 53,1 49,7
11 51,6 56,8 54,2
12 45,7 50,9 48,3:: : : ; : * : - :: : : S : | : : : 1 : r : ♦ :: ; : J: : ; : ; ; : | : : ; : : •
: ■ . ; - L ■ iTi': . : : :V.i. .T 51,5
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T A B L R A.37
M £ M M z
Nr ¿Second
'/'• si:s;sv;rA
?<vC : T l IS -K ll Ta vr
2 64,9 60,3 62,6
2 50,7 54,1 52,4
3 54,4 CO O 53,3
4 57,5 54,9 56,2
5 61,8 64,8 63,3
6 49,7 52,9 51,3
7 51,4 49,2 50,3
8 67,2 60,2 63,7
9 64,5 61,3 62,9
10 53,6 57,8 55,7
11 50,1 52,9 51,5
12 55,1 51,1 53,1
56,4
t a  B M B m m
H / Î 7 / ~
Nr A - ' • Y< <vX $ v*. >.. .• v s\ v\xxx •; >:<<<; Second
ch
1 62,2 58,2 60,2
2 57,2 51,4 54,3
\ 3 52,0 58,4 55,2
4 61,5 54,9 58,2
5 52,3 59,1 55,7
6 47,4 50,8 49,1
7 46,3 53,1 49,7
8 60,3 56,1 58,2
9 53,9 63,1 58,5
10 51,0 59,2 55,1
11 50,6 58,2 54,4
12 61,1 55,1 58,1
55,6
T A B L E A . 3 9
H / 4 /  =
l lü i : , * O' ", {; Second • ■ •./ : *..
CS I S A T2 ■: v. Tavr
1 55,1 60,1 57,6
2 50,8 56,2 53,5
3 54,0 57,2 55,6
4 59,8 54,8 57,3
5 50,1 56,9 53,5
6 48,2 50,8 49,5
7 48,9 51,9 50,4
8 52,0 57,8 54,9
9 56,8 53,2 55,0
10 49,0 55,2 52,1
11 52,3 59,3 55,8
12 48,4 54,2 51,3
53,9 1
119 '
T A B  LE A.37
H / 1 2 . 5 / ~
fNl: Second
r r > r - v  - s
<-;N\ % <v.vi<\  \ -.‘•x \ V \ 4 - - x  •:• 
>>::>5 •.v̂vv $:<
T1 I H i l l T avr
1 64,9 60,3 62,6 f
2 50,7 54,1 52,4 \
3 54,4 52,2 53,3
4 57,5 r* a  r \ 56,2
5 61,8 64,8 63,3 i;
6 49,7 52,9 51,3 I
7 51,4 49,2 50,3
8 67,2 60,2 63,7
9 64,5 61,3 62,9 |
10 53,6 57,8 55,7 l
11 50,1 52,9 51,5
12 55,1 51,1 53,1
56,4
T A B L E  A, 38
HJ_ 17f~
Nr.
■ > >>>: •: > \v;-> \ >5>\<>:>>̂>
•2 ""iVA."Second; /  * - . ' .'r T ' <'9
s eh T1 v T 2 T avr
J 1 62,2 58,2 60,2
1 2 57,2 51,4 54,3
52,0 58,4 55,2
;:j 4 61,5 54,9 58,2
| 5 52,3 59,1 55,7
|  6 47,4 50,8 49,1
l 7 46,3 53,1 49,7
8 60,3 56,1 58,2
9 53,9 63,1 58,5
10 51,0 59,2 55,1
11 50,6 58,2 54,4
12 61,1 55,1 58,1
55,6
T A B L E  A.39:
H Y 4 J M: » :•>:•>  >>:•: 
Nr, vV;£>̂; ' " ' Second ' '
. ca x:,-;x T2 T avr
1 55,1 60,1 57,6
2 50,8 56,2 53,5
3 54,0 57,2 55,6
4 59,8 54,8 57,3
5 50,1 56,9 53,5
6 48,2 50,8 49,5
7 48,9 51,9 50,4
8 52,0 57,8 54,9
9 56,8 53,2 55,0
10 49,0 55,2 52,1
11 52,3 59,3 55,8
12 48,4 54,2 51,3
53,9
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T A B L E  A.4Q
H JJUjZ
IÉKÌ
' '."V n .W - 'v  >
S&YÍ-
\Ch\ 'c.\\ •
\ 1 58 54,8 56,4
2 50,8 53,2 52,0
3 49,8 55,4 52,6
4 60,5 54,9 57,7
5 48,5 52,3 50,4
6 49,3 53,7 51,5
7 46,9 51,3 49,1
8 47,5 49,9 48,7
9 54,0 52,8 53,4
10 50,2 53,6 51,9
11 51,4 54,4 52,9
V? 54,9 56,7 55,8
52,7
T A B L E  A.41
H 7 12.5/ =
Ä r Second ’• Î - X - \ <  vX\ \-X v! ï \‘;CÂ 1 îxX>$<:< X ï ¿j$.s ■y-, >  'V'yr:---. >>»’ ^
Cb ' m f S m • Tavr~.
1 65,0 59,4 62,2
2 51,1 56,1 53,6
3 54,8 57,6 56,2
4 52,1 57,1 54,6
5 65,2 56,4 60,8
6 46,7 51,9 49,3
7 51,7 49,3 50,5
8 66,1 59,9 63,0
9 54,6 57,8 56,2
10 51,4 55,2 53,3
11 56,8 52,8 54,8
12 52,9 51,7 52,3
55,6
T A B L E  A.42
M U Z I b
.N r H  Second g X ' T - '
ï , '  ' v k - ' , ;
e t - T r* f \ ■*>>.>>X-W*>>>.\X-JL-«¡í¿fr>>>:-:•;•.• •: :. Tavr
1 57,5 54,3 55,9 :
2 54,4 51,4 52,9
3 57,4 60,8 59,1
4 57,5 59,7 58,6
5 55,4 51,4 53,4
6 49,0 50,8 49,9
7 48,5 53,9 51,2
8 53,8 57,2 55,5
9 56,9 52,1 54,5
10 50,4 51,2 50,8
11 53,9 55,3 54,6
12 57,9 57,1 57,5
54,5
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T À B L E A.43
• M/O' ' •
Nr Second : I
Ch T l T2 T avr j
i 58,1 59,3 58,7 |i
i 2 58,6 56,3 57,5 i
3 53,2 57,8 55,5
4 58,5 64,1 61,3
5 49,3 55,3 52,3
6 48,3 54,3 51,3
7 48,4 55,4 51,9
8 58,9 54,9 56,9
9 54,4 57,4 55,9
10 49,0 53,2 51,1
11 55,6 51,8 53,7
12 57,0 55,4 56,2
55,2
T A B L E  A.44
M / 4 f -
| Nr Second .
Ch 71 ; ' T2 Tavr
| 1 55,2 61,4 58,3
j 2  \ 53,2 59,8' 56,5
3 57,3 52,9 55,1
4 56,4 59,8 58,1
5 49,7 55,7 52,7
6 46,9 56,1 51,5
7 48,0 55,4 51,7
8 53,6 59,6 56,6
9 57,5 54,1 55,8
10 48,0 52,8 50,4
11 51,6 57,2 54,4
12 56,5 54,9 55,7
54,7
T A B L E  A.45
M / 8 / -  .
Second
Ç h . T l . 7 2 .T a v r
1 59,7 55,9 57,87 j
2 49,5 54,7 52,1
3 53,4 56,4 54,9
4 54,5 57,9 56,2
5 53,6 59,2 56,4
6 47,3 52,9 50,1
7 47,6 54,2 50,9
8 61,2 56,2 58,7
9 53,1 59,7 56,4
10 47,0 S I ,2 52,1




T A B  L E A.46
M/12.5/~
Nr Second • >*V** • :*s <7 •/' n' /  *' '•* '\vVv* \ V. V
Ch TJ T2 ' T avr
1 60,7 56,3 58.5
2 60,8 55,8 58,3
3 51,5 57,9 54,7
4 58,3 64,1 61,2
5 49,6 54,8 52,2
6 49,9 55,7 52,8
7 49,7 53,9 51,8
8 57,4 54,8 56,1
9 54,4 58,4 56,4
10 47,7 52,9 50,3
11 53,4 59,2 56,3
12 59,5 55,3 57,4
55,5
T A B L E  A.47
M W m /17:)~ ’ fiiv ill!
Nr Second %w  ̂'Vs
Ch TJ T2 T avr
1 55,6 60,6 58,1
2 56,7 59,9 58,3
3 57,3 55,7 56,5
4 65,6 60,8 63,2
5 49,7 53,9 51,8
6 49,4 54,4 51,9
7 50,7 54,5 52,6
8 63,7 57,7 60,7
9 56,0 60,4 58,2
10 48,1 52,7 50,4
11 53,5 58,1 55,8
12 61,5 56,1 58,8
56,4
T A B L E  A. 48
M J A I =
Nr ; >>'>; v  > >■>!<•••»»» Second
.V- v.V ̂ .\s,.\\\\'.\
■ cs Tl | §IM ' , T avr  ,
/ 55,2 61,2 58,2
2 51,2 59,6 55,4
3 59,0 54,4 56,7
4 55,4 60,2 57,8
5 55,4 53,8 54,6
5 47,0 52,2 49,6
7 47,6 51,8 49,7
3 60,1 64,3 62,2
9 52,6 57,8 55,2
10 46,3 56,1 51,2
11 50,9 55,9 53,4
12 59,8 55,4 57,6
55,1
123
T A B L E  A.49
M / 8 /  =
Nr Second ' - ' ]
P 1 ' T2 T a v r "1
1 54,1 58,7 56,4 j
2 58,2 54,6 56,4 j
3 58,5 61,3 59,9
4 S I , 2 55,8 56,5
5 50,9 54,7 52,8
6 50,1 52,3 51,2
7 51,9 51,3 51,6
8 53,8 57,2 55,5
9 51,7 55,7 53,7
10 52,1 54,9 53,5
11 51,9 56,3 54,1
12 55,2 58,6 56,9
54,9
T A B L E  A.50
: M  /12.5/ = ' \
Nr '\AV' 'x\"Second
C h T l 72
1 57,3 61,9 59,6
2 60,4 57,8 59,1
3 54,4 58,2 56,3
4 59,0 63,2 61,1
5 50,0 54,4 52,2
6 49,9 53,7 51,8
7 51,0 54,4 52,7
8 61,6 58,4 60,0
9 54,6 59,6 57,1
10 48,1 55,1 51,6
11 53,0 57,4 55,2
L iA 57,7 60,9 59,3
56,3
T A B L E A . 5 1
M i  17 f —
Nr \-s\ v V - ’-X-A::v y.t-ÿ.' > A v > ^Second
Ch T î AA 12 I Tavr
! 1 59,2 61,8 60,5
! 2 60,6 57,2 58,9
3 52,4 58,4 55,4
4 62,8 59,6 61,2
5 47,3 56,1 51,7
6 47,6 55,8 51,7
7 50,1 54,9 52,5
8 58,6 63,2 60,9
9 55,8 59,4 57,6
10 48,3 55,1 51,7
11 55,2 52,4 53,8
a a ! 59,3 62,1 60,7
56,4 |
124
T A B L E  A.52
LLQ.
Nr. ; ' Second % - --n - '
à i Tí T2 T avr
i 56,7 60,9 58,8
2 55,3 59,9 57,6
3 60,0 61,4 60,7
4 60,5 63,1 61,8
5 50,9 57,3 54,1
6 54,2 50,4 52,3
7 50,8 55,4 53,1
8 57,9 52,9 55,4
9 53,7 58,5 56,1
10 50,9 57,5 54,2
11 52,6 55,6 54,1
12 55,3 57,7 56,5
56,2
T A B L E  A.53
VIf LÍ4J-Il I lililí:
Nr Second
Ch . T2 T avr \
1 Í 54,4 60,8 57,6
51,2 57,4 54,3
I 3 54,2 57,8 56,0
4 57,3 62,1 59,7
5 51,8 58,4 55,1
6 47,7 55,9 51,8
1 7 48,4 57,2 52,8
8 58,1 54,9 56,5
9 55,7 59,9 57,8
10 52,9 56,7 54,8
11 57,7 54,3 56,0
: 12 54,6 59,6 57,1
55,8
T A B L E  A.54
L i s i -
,Nr; " , , - Second
Ch
:r*> > > •*> * > >2-
T2  . T avr .
1 58,2 59.6 58,9I
2 54,0 52,8 53.4 i' 1
3 51,4 57,2 54.3
4 63,5 60,3 61,9
5 52,8 57,8 55,3
6 49,6 54,2 51,9
7 46,5 57,7 52,1
8 51,5 58,9 55,2
9 56,0 53,6 54,8
10 53,4 51,8 52,6
11 48,7 54,9 51,8
12 60,7 53,9 57,3
55,0
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T A B L E  A.55
Lt 12,5/-
Nr Second ■S''*-'
Ch 71 7 2 7a vr
1 60,8 63,2 62,0
2 52,1 58,1 55,1
3 51,8 55,8 53,8
4 65,0 60,8 62,9
5 54,8 59,4 57,1
6 50,2 56,2 53,2
7 49,8 55,8 52,8
8 58,0 53,2 55,6
9 56,6 61,8 59,2
10 52,7 57,9 55,3
11 52,5 58,1 55,3
12 54,0 59,4 56,7
56,6 :
T A B L E  A, 56
. ■ L / 1 7 / -
Nr Second
Ch 71 W M è ì 7 a vr
1 57,0 62,8 59,9
2 51,4 56,2 53,8
3 53,9 57,1 55,5
4 60,9 54,9 57,9
5 58,2 53,8 56,0
6 47,5 52,1 49,8
7 47,6 54,8 51,2
8 54,4 59,8 57,1
9 55,5 60,1 57,8
10 58,8 54,6 56,7
11 51,1 57,7 54,4
12 57,0 60,8 58,9
55,8
T A B L E  A.57
. L/4/=
Nr • •"vY 'V  v> ><> <\ ' L  :'>i: >'v>. Second ' :
Ch
:•». .v .s-x -î-.Vv M-
: ; Tí - " - 7 2 Tavr
1 60,6 63,2 6i,9 ;
2 55,3 59,3 57,3
3 58,8 61,8 60,3
4 65,8 59,8 62,8
5 49,9 56,1 53,0
6 53,5 50,3 51,9
7 49,9 54,9 52,4
8 61,8 55,8 58,8
9 54,0 57,8 55,9
10 51,8 55,2 53,5
11 51,4 56,4 53,9
12 59,2 62,2 60,7
56,9
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T A B L E A.58
' L/g/= ■
Nr .vXc.Vv v:,>:• :•» x . &&':< Secondi
%< ' *''*v v >
Oe : 'jTl-2 '




3 65,4 60,4 62,9
4 74,2 62,6 68,4
5 50,4 59,4 54,9
46,2. 56,6 51,4
7 54,0 50,8 52,4
3 52,1 59,3 55,7
P 55,0 58,8 56,9
10 55,8 51,4 53,6
11 56,6 52,8 54,7
12 62,5 57,9 60,2
57,2
T A B E  E A.59
L 2 M ll=.
N i Second
; q f : T f Ù  . • T2 . Tavr
2» 58,2 62,2 60,2* 2 54,4 59,8 57,1
3 58,5 62,3 60,4
4 64,6 59,4 62,0
5 49,9 57,1 53,5
6 50,4 54,2 52,3
7 48,8 55,6 52,2
8 53,3 59,3 56,3
9 53,0 59,2 56,1
10 51,8 56,4 54,1
11 51,3 55,7 53,5
12 59,5 56,1 57,8
: . «... i 56,3
T A B L E  A.60
L / Ì 7 / -
l i i >3' •; •.•y.̂'2- • >j *'VjVi* ., Second 7
p i f W M m ' 7. 7-7 ' Ta\r
: 2 64,6 61,8 63,2 11
2 56,3 59,3 57,8 ì
3 60,9 62,7 61,8
4 64,7 61,1 62,9
5 52,0 58,2 55,1
6 50,6 56,2 53,4
7 53,6 51,8 52,7
8 57,9 61,9 59,9
9 56,2 59,2 57,7
10 54,7 53,9 54,3
11 53,4 56,2 54,8
12 60,5 64,i 62,3
llffllllt 1 58,0
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